The ability of alpha interferon (IFN-␣) and IFN-␥ to inhibit transmission of herpes simplex virus type 1 (HSV-1) from neuronal axon to epidermal cells (ECs), and subsequent spread in these cells was investigated in an in vitro dual-chamber model consisting of human fetal dorsal root ganglia (DRG) innervating autologous skin explants and compared with direct HSV-1 infection of epidermal explants. After axonal transmission from HSV-1-infected DRG neurons, both the number and size of viral cytopathic plaques in ECs was significantly reduced by addition of recombinant IFN-␥ and IFN-␣ to ECs in the outer chamber in a concentrationdependent fashion. Inhibition was maximal when IFNs were added at the same time as the DRG were infected with HSV-1. The mean numbers of plaques were reduced by 52% by IFN-␣, 36% by IFN-␥, and by 62% when IFN-␣ and IFN-␥ were combined, and the mean plaque size was reduced by 64, 43, and 72%, respectively. Similar but less-inhibitory effects of both IFNs were observed after direct infection of EC explants, being maximal when IFNs were added simultaneously or 6 h before HSV-1 infection. These results show that both IFN-␣ and IFN-␥ can interfere with HSV-1 infection after axonal transmission and subsequent spread of HSV-1 in ECs by a direct antiviral effect. Therefore, both IFN-␣ and -␥ could contribute to the control of HSV-1 spread and shedding in a similar fashion in recurrent herpetic lesions.
Primary infection with herpes simplex virus (HSV) of epidermal cells (ECs) in the skin or mucosa results in subsequent entry into intraepidermal sensory nerve twigs and then retrograde viral transport to the cell bodies of dorsal root ganglia (DRG) neurons where latent infection is established (20) . HSV reactivates intermittently and, after anterograde transport back to the originally infected dermatome, causes clinical recurrences or asymptomatic shedding (6, 10, 35) . Viral replication in genital mucosa or skin is restricted by a variety of immune modalities. These immune modalities consist of the early innate mechanisms, such as interferons (IFNs), macrophages, and probably NK cells, especially in primary infection (12) , and the later specific effects of skin mucosal T lymphocytes via cytokines or cytotoxic T cells. Both CD4 and CD8 cytotoxic T cells are active in lesions, probably sequentially, and CD4 lymphocytes are the main initial source of cytokines (8, 9, 17, 18, 28) . Antibody plays only a modulatory role at most (19, 36) . HSV infection of ECs induces secretion of alpha IFN (IFN-␣) and IFN-␤ in vitro (30) . HSV type 1 (HSV-1) antigenstimulated CD4 T lymphocytes from patients with recurrent herpes simplex secrete IFN-␣ and -␥ (8) . IFNs have been detected at high concentrations in recurrent herpetic lesions (18, 32, 34) . The frequency of recurrent herpetic lesions was shown to be proportional to blood and lesional IFN-␥ (8, 34) .
The exact role for cytokines, especially IFNs in controlling human HSV-1 infection needs further clarification. Cytokines may exert antiviral effects either directly or via immune effects.
IFN-␣ and -␤ act directly by upregulating antiviral pathways within infected cells, especially 2Ј,5Ј-oligoadenylate synthetase and RNase L (3, 11) , and also activate macrophages and NK cells (3, 25) . IFN-␥ and tumor necrosis factor alpha (TNF-␣) both have direct antiviral and immunomodulatory effects. IFN-␥ usually has weaker antiviral effects than IFN-␣ or ␤. However, it also enhances CD8 T-cell cytotoxicity, upregulates major histocompatibility complex (MHC) class II, and reverses downregulation of MHC class I by HSV-1 ICP47 (2, 13, 19, 25) . An in vitro model consisting of human DRG neurons and autologous ECs (DRG-EC model) in two separate chambers was originally developed in our laboratory to study anterograde axonal transport of HSV-1 (27) . Our previous findings indicate that glycoproteins and capsids associated with tegument proteins are transported by different pathways and with different kinetics (14, 24, 27) , and assembly into virions probably occurs before the glycoproteins and capsids cross the intercellular gap between axonal termini and ECs (19, 27) . Glycoprotein and nucleocapsid antigens are detectable by immunohistochemistry and confocal microscopy at 20 h in ECs, and subsequent development of HSV-1 cytopathic plaques can be observed over the next 48 h (19, 27) . Here we utilize the DRG-EC model to study the effects of IFNs on transmission of HSV-1 from human axon to epidermis in comparison with direct infection of ECs and to test the hypothesis that both IFN-␣ and -␥ play a role in limiting the spread of infection in the skin after transmission from the axon termini.
MATERIALS AND METHODS
Human fetal tissue. Human fetal tissue of age 16 to 18 weeks was obtained from therapeutic terminations with informed consent and with approval from the Western Sydney Area Health Service Ethics Committee as previously described (14, 19, 24) Preparation of the fetal DRG-EC model. This in vitro model has been described extensively previously (14, 19, 27) . It consists of two chambers. The inner chamber is a stainless steel cylinder attached to the plastic coverslip (Thermanox; Nalge Nunc International, Naperville, Ill.) placed in each well of a six-well tissue culture plate (outer chamber) (14, 19, 27) . The ring has two grooves filled with 2% agarose on its opposite inferior surfaces. Two fetal skin explants were placed onto the coverslip in each well outside the ring, with each explant opposite two autologous DRGs in the inner chamber (14, 19, 27) (Fig. 1 ). Growth medium (Dulbecco modified minimal essential medium) supplemented with 9% fetal calf serum (FCS) (CSL, Sydney, Australia) and other cell growth ingredients were used. Axons grew out from the ganglia, penetrated the agarose without causing leaks, and interacted with ECs within 6 to 10 days. The integrity of the seal was tested by sampling for infectious HSV-1 in the outer chamber as previously described (14, 19) . Axonal spread leads to the presence of immunoperoxidasepositive viral plaques in the vicinity of the termination of axonal fascicles in the cell sheet (which can be observed by light microscopy), whereas leaking virus infects the proximal edge of the epidermal cell sheet nearest to the cylinder separating inner and outer chambers. Less than 10% of outer chamber samples were scored positive, and they were excluded from further studies.
Determination of the optimal concentrations of IFN-␣ and IFN-␥ used in direct infection of ECs and in DRG-EC model. All cytokines were purchased from BD Pharmingen (San Diego, Calif.) and were tested at various concentrations to determine their optimal effect in the experiments involving direct infection of ECs and infection of ECs in the outer chamber of the DRG-EC model. The cytokines IFN-␣ and IFN-␥ were tested separately and in combinations in concentrations ranging from 100 to 1,000 IU/ml for IFN-␣ and for IFN-␥ (per 3 ϫ 10 5 ECs) in directly infected ECs, as well as in the DRG-EC model. The cytokines (or growth medium) were incubated for 2 h with ECs in the outer chamber of the model at 24 and 12 h before and at 0, 12, 18, 26 and 32 h postinfection (hpi) of the DRG neurons in the inner chamber. These cytokines were tested on directly infected ECs at the same time points. IFNs were added approximately 1/2 to 1 h before HSV-1 at the 0 h time point.
HSV-1 infection and incubation of ECs with cytokines in the DRG-EC model. The low-passage HSV-1 clinical isolate WM-1 was used to infect the DRG neurons of the model at approximately 0.1 50% tissue culture infective dose (TCID 50 ) per ganglionic neuron (as previously described [19] ). The HSV-1 inoculum was aspirated after incubation for 1 h, and the DRGs were washed once carefully with Hanks balanced salt solution (HBSS).
Cytokines or control medium was added to ECs in the outer chamber of the model at the different time points, and cells were examined for viral cytopathic effect 48 h later.
Direct HSV-1 infection of ECs and incubation with cytokines. A single-cell suspension of ECs (prepared as described previously [12] ) was seeded in 12-well plates using growth medium containing 9% fetal calf serum (FCS) (Nalge Nunc International). Twenty-four hours later, the autologous ECs were infected at a 0.1 TCID 50 /EC for 1 h, washed twice with HBSS, and incubated with cytokines at the same time points as in the DRG-EC model. Concentrations of cytokines were maintained throughout the experiment by replacing half of the growth medium supplemented with IFNs every 48 h. Cells were fixed with electron microscopy (EM)-grade methanol at 48 hpi prior to immunoperoxidase staining for HSV-1 antigen.
Development of HSV-1 cytopathic plaques in the DRG-EC model. As previously reported, HSV-1 antigen was first detected in ECs at 20 hpi. At the time of fixation at 48 h, cytopathic plaques of marked size heterogeneity in direct relation to axon termini and surrounded by gC antigen-positive ECs were observed. The size heterogeneity partly represents the seeding of axons in the DRG at different times as HSV-1 infection proceeded through the DRG.
Detection of HSV-1 antigen in ECs (in the directly infected ECs and in the DRG-EC model).
After fixation with methanol, infected or mock-infected ECs were stained with anti-gC1 antibody (Goodwin Institute for Cancer Research, Plantation, Fla.) (diluted 1:100) for 45 min, washed with HBSS, and stained with secondary biotinylated sheep anti-mouse antibody (Biosource International, Camarillo, Calif.) (diluted 1:200) for 45 min at room temperature (RT). After the ECs were washed twice with HBSS, streptavidin/horseradish peroxidase conjugate (Biosource International) was used (12) .
Detection of HSV-1 antigen in DRGs. IFN-␣ or IFN-␥ (or control medium) was added to the outer chamber for 12 h before HSV-1 infection of the DRG. HSV-1-infected and mock-infected DRG were snap-frozen for 30 s in liquid nitrogen at 26, 36, 48, and 72 hpi as previously described (19) . They were mounted and sectioned on a freezing cryotome (Shandon E-600) at Ϫ20°C. Staining was performed with anti-gC1 monoclonal antibody (Goodwin Institute for Cancer Research) and then with biotinylated sheep anti-mouse antibody (Biosource International) (diluted 1:200). After the sections were washed twice, they were treated with streptavidin/horseradish peroxidase conjugate (Biosource International). The proportions of cross sections of DRGs which were gC antigen positive were quantified in frozen sections of the whole mounted DRG.
Statistical evaluation. We compared the difference in the number and size of the HSV-1 plaques with and without different treatments in ECs. The size of plaques was measured as the greatest diameter of the approximately circular plaque (of bare substrate), using an ocular micrometer as previously described (19) . When single infected cells with retracted cytoplasm were observed in the IFN-treated cultures (2 to 4% of plaques/foci), the maximum diameter of the area of exposed substrate was measured (image analysis was not suitable for quantification of both immunoperoxidase-positive cells and bare substrate because of the different color scales and variable intensity of staining). The results were calculated as the mean values of experimental data using 18 different sets of fetal tissue, with each experiment performed in triplicate. Differences between the size of plaques after various treatments were assessed for statistical significance by two-way analysis of variance with repeated measures and expressed as the percent mean reduction in the size or number of HSV-1 plaques.
In the experiments examining the effects of cytokines on HSV-1 spread through the DRG, the proportion of the DRG neurons which were HSV-1 infected (i.e., gC antigen positive) was determined as previously published (19) . Briefly, 10 whole perpendicular sections (1 sampled every 30 serial sections of DRG) were examined by light microscopy after immunoperoxidase staining, and the proportion of infected neurons was estimated from each section (19) . Two DRGs were examined for each experimental group (treated with control medium or IFN-␣) at each time point in three different experiments. The proportions of HSV-1-infected DRG neurons were calculated as the means and standard error (SE) of readings from each section for each experimental group. Differences between the values for the control and IFN-treated DRG were evaluated for significance by the Student t test, adjusted for unequal variances.
RESULTS

Determination of the optimal concentrations of IFN-␣ and -␥ for the inhibition of HSV-1 growth in ECs after direct infection and in the DRG-EC model.
A range of concentrations of IFN-␣ (100, 300, 500, 800, and 1,000 IU/ml) and IFN-␥ (100, 200, 300, 500, and 1,000 IU/ml) was preincubated with ECs for 1 h before the direct infection of ECs with HSV-1 (Fig.  2) or before infection of ECs (from six donors) in the central chamber of the DRG-EC model (data not shown) (each experiment was performed in triplicate). Combinations of IFN-␣ and IFN-␥ at 100:100, 200:300, 200:500, 300:200, and 500:200 IU/ml, respectively, were tested similarly for ECs from six different donors (i.e., Fig. 2a shows a representative experiment from a single donor). Although there was interpatient variation in inhibition of 20 to 30%, the optimal concentrations were consistently determined to be 500 IU/ml for IFN-␣, 300 IU/ml for IFN-␥, and 500:200 IU/ml for the combinations (Fig.  2) . No differences were observed between direct infection of EC or via the DRG. Concentrations above 800 IU/ml per 3 ϫ 10 5 cells resulted in cell toxicity. (Fig. 3) . In the IFN-treated EC cultures alone, single infected cells with retracted cytoplasm exposing bare substrate were occasionally observed (2 to 4% of plaques/foci). For the DRG-EC model, significant inhibition (P Ͻ 0.001) in both the number and size of plaques was observed when both IFNs were added at Ϫ6, 0, 12, and 18 hpi to the ECs from six different donors (each experiment performed in triplicate). Maximal inhibition was observed with simultaneous addition of HSV-1 and IFNs (0 hpi).
At this time the addition of IFN to the ECs in the model reduced the size of EC plaques by a mean of 64% (range, 52 to 71%) for IFN-␣, by 43% (range, 34 to 53%) for IFN-␥, and by 72% (range, 59 to 77%) for both IFNs combined (a representative experiment shown in Fig. 4a) . The mean number of plaques after IFN addition was reduced by 58% (range, 52 to 63%) for IFN-␣, 45% (range, 36 to 49%) for IFN-␥, and 64% (range, 55 to 71%) for both IFNs combined (a representative experiment shown in Fig. 4b) .
In directly infected ECs, inhibition by IFN-␣ or IFN-␥ alone or combined on both the number and size of plaques were less marked but still significant (P Ͻ 0.01) (Fig. 5) at Ϫ6, 0, and 12 hpi (and in some cases 18 hpi) for ECs from six different donors (each experiment performed in triplicate). The combination was significantly more inhibitory than either alone at Ϫ6, 0, and 12 h. Maximal inhibition was observed when IFNs were added at Ϫ6 and 0 hpi (Fig. 5) . Maximal inhibition of the number and size of cytopathic plaques (of 30 to 37%) (and in 
FIG. 2. (a) Effects of increasing concentrations of IFN-␣ or IFN-␥ on inhibition of direct infection of ECs with HSV-1 (MOI ϭ 0.1 TCID 50 /cell). (b) Effects of different combinations of concentrations of IFN-␣ and -␥ on inhibition of HSV-1 infection of ECs (MOI
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on November 6, 2017 by guest http://jvi.asm.org/ one case 47%) was observed when both IFN-␣ and IFN-␥ were added.
Do the cytokines diffuse to the inner chamber and inhibit the viral transport within the ganglion in the DRG-EC cell model?
To test the possibility that cytokines could diffuse into the inner chamber and possibly inhibit the HSV-1 spread through the DRG as a confounding factor, the DRGs in the inner chamber were first infected (or mock infected) for 1 h, and then the supernatant fluid was carefully aspirated and replaced with growth medium. The ECs in the outer chamber were incubated with 500 IU of IFN-␣ per ml and 300 IU of IFN-␥ per ml (or growth medium) for a longer period of 12 h. The DRGs were then fixed at 26, 36, and 48 h, sectioned, and stained for gC antigen by immunoperoxidase.
The proportions of DRGs positively stained for viral antigen were similar at 26, 36, and 48 h in viral controls and in the DRG-EC model treated with IFN-␣ or IFN-␥. There were no significant differences (P Ͼ 0.1 by Student t test) ( Table 1) .
DISCUSSION
Both IFN-␣/␤ and IFN-␥ have well-described inhibitory effects on HSV-1 replication in vitro, although their relative potencies may differ in different cell types (33) . IFN-␣ acts early in the HSV-1 replication pathway, inhibiting immediateearly gene expression (15) IFN-␣/␤ also appear to limit progress of infection from the periphery to trigeminal ganglion in mice (12) . IFN-␥ and/or its receptor play a role in the susceptibility of mice to HSV-1 infection and restrict viral replication in the DRG after reactivation (4, 5) and also assist in clearing viral infection from the skin or genital lesions of mice (23, 26, 31) . However, the exact effects of IFN-␣/␤ and IFN-␥ in recurrent herpes simplex at the neurocutaneous interface after reactivation are unknown and are highly relevant to their roles in recurrent herpes simplex, perhaps in determining the size of lesions and clinical presentation.
We hypothesized that the transport and transmission of HSV from the axon and its terminus to ECs are bottlenecks, with relatively low transmission rates from the terminus per individual axon, which is an ideal site for the inhibitory effects of these IFNs. Furthermore, in vivo delivery from the axon termini is likely to be asynchronous, and the formation of viral lesions within the epidermis or mucosa must involve lateral cell-to-cell spread, which in the early stages may also involve low titers of virus. Therefore, activity of IFNs on individual cells in the epidermis may strongly inhibit viral replication during the initial transmission and subsequent spread. The results of this study appear to support such a hypothesis. IFN-␣ and -␥ at optimal concentrations reduced both the number and size of viral plaques in human fetal EC explant monolayers, whether HSV-1 was delivered exogenously as low titers of cell-free virus or via axon termini in a previously well-characterized neuron-EC two-chamber model. The marked effect of IFN inhibition on HSV plaque size was shown by the occasional but characteristic finding of single HSV antigen-positive cells, probably demonstrating delayed cytopathicity. Inhibition appeared greater in the neuron-EC system, although standardization of multiplicity of infection (MOI) between the two systems is difficult and there is variation in the effect of IFN on cells from different donors. Both IFN-␣ and -␥ had significant inhibitory effects, and the inhibitory effect of IFN-␣ was consistently greater than those for IFN-␣ and -␥. There was significant synergy between IFN-␣ and -␥, in that the inhibitory effect of the combination exceeded those of optimal concentrations of either IFN alone, suggesting activity on ECs through receptors for both IFN-␣ and -␥. In other cell types, the activity of these two IFNs is mediated through different pathways and is synergistic (1, 3, 15) . The maximal inhibitory effect on the size or number of viral plaques was usually on the order of 60 to 70% at optimal IFN concentrations compared with consistently greater than 90% inhibition by high (pharmacological) doses of neutralizing monoclonal antibody to herpes simplex glycoprotein D in a previous study (19) .
One potential confounding effect of the addition of IFN to the external chamber of the two-chamber model is the diffusion of the IFNs into the central chamber and an effect on spread of the virus through the DRG prior to virus being transported distally (anterogradely) via axons to the epidermal explants. This would require diffusion of the IFNs through the agarose or plug in the grooves on the inferior surface of the stainless steel chamber. Alternatively, IFNs may bind to receptors on the axons in the external chamber to induce a similar antiviral state in neurons. These potential confounding effects were examined as previously for the antibody inhibition studies (19) . Spread through the DRG was examined by sampling individual replicate ganglia at times previously determined to be appropriate, namely, 24, 48, and 72 h (19) . All parts of the ganglia were sampled by sectioning and counting every 30th section to achieve a random distribution throughout the DRG; this procedure was done twice. These studies showed no significant difference in the proportion of neurons staining positive for HSV antigen between controls and maximal IFN treatment. Thus, there was no evidence for penetration of concentrations of IFN sufficient to induce an antiviral state in DRG neurons, particularly as pretreatment for 12 h prior to infection had no effect on such spread. Future studies will examine interneuronal spread of HSV within the DRG after direct application of IFNs within the central chamber.
We have previously shown that IFN-␥ plays an important immunologic role in recurrent herpes simplex lesions by reversing the downregulation of MHC class I molecules on the surfaces of infected ECs induced by the HSV-1 immediateearly protein ICP47. IFN-␥ also upregulates MHC class II molecules, thus allowing infected epidermal keratinocytes to be targets for both CD8 and CD4 cytotoxic T lymphocytes (2, 22, 25, 29) . This study shows that IFN-␥ also has a significant direct antiviral effect, particularly in conjunction with IFN-␣. The reduction in both the number and size of plaques suggests that the production of local IFN-␣ and -␥ in skin, initially secreted by ECs and resident memory T cells, respectively, may restrict transmission of virus from the axon terminus and subsequent lateral spread. Later sources of IFN-␣ include both ECs and infiltrating macrophages and CD4 cells (9, 16, 18) . The latter also secrete IFN-␥. High titers of IFN-␣ and -␥ have been detected within the vesicles of recurrent herpetic lesions (32, 34) , and HSV-1-infected ECs have been shown to secrete high levels of IFN-␣ (30) . The restriction in the number and size of viral plaques may be translated into a restriction on the size of macroscopic lesions of the epidermis. Variability in such activity from patient to patient or from time to time within an individual patient might determine whether a lesion is macroscopically visible and causes symptoms, i.e., whether there is clinical recurrent herpes simplex or asymptomatic shedding. In our studies, the relatively low variability in inhibitory effects of both IFNs in EC donors suggests that variability in IFN induction is more likely to be important. Such a hypothesis is supported by earlier studies showing a direct correlation between blood and lesional IFN-␥ and frequency of lesions of recurrent herpes labialis (7, 34) . Furthermore, protection against mucosal and DRG infection by vaccines has been correlated with IFN-␥ secretion in guinea pig models (23) .
Other cytokines such as TNF-␣ also have direct antiviral effects and should be studied in this system in the future. However, in our recent studies TNF-␣ was found only at low concentrations in vesical fluid compared with other bullous immunopathologic conditions of skin such as pemphigoid (22) . Therefore, the focus of this study was on IFN-␣ and -␥.
It is clear that both CD4 and CD8 lymphocytes may play a role in protection against recurrent herpes simplex infection, with CD4 lymphocytes predominating in the early stages of the lesions (9, 17, 18) . Both types of lymphocytes have been shown to exert cytotoxic activity (20, 21, 28) . However, this study demonstrates another potential effector activity by CD4 (or CD8) lymphocytes, a direct antiviral effect of IFN-␥ which acts in synergy with IFN-␣. As IFN-␤ is produced by infiltrating macrophages and HSV-1-infected ECs and also acts synergistically with IFN-␥ in other settings, the same is likely to occur with this cytokine. In this study, synergy of IFN-␥ with late induction of endogenous IFN-␣ or -␤ may have made a minor contribution to the reduction in HSV-1 plaque size but not to a reduction in the number of plaques. IFN-␥ has been regarded as a relatively weak antiviral cytokine compared with IFN-␣ and -␤, but recent studies with HSV-1 in mice (4, 5, 23, 31) and here in human tissue in vitro show it to be more potent. The synergy between IFN-␣ and -␥ also enhances the antiviral effects of either IFN alone (1, 3, 25) .
In summary, the concentrations of these effectors after neurocutaneous HSV-1 transmission may be important determinants of individual susceptibility or resistance to the occurrence or frequency of clinical recurrent herpes simplex. They may also play a role as indicators of response to HSV vaccines.
